The risk of breast cancer is high in women treated for a childhood cancer with chest irradiation. We sought to examine variations in risk resulting from irradiation field and radiation dose.
INTRODUCTION
Young women treated for childhood cancer with chest irradiation have an elevated risk of breast cancer. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] The incidence of breast cancer in this population, with estimates in the range of 5% to 14% by age 40 years, 1, 3, 5, 7, 13 is among the highest described for any population. Historically, the highest risk group was survivors of childhood Hodgkin lymphoma treated with high doses of radiation to an extended mantle field. 1, 14, 15 However, studies have also reported an increased breast cancer risk among Hodgkin lymphoma survivors treated with contemporary therapy using reduced volumes and lower doses. 6, 14, 16 Women treated for other childhood cancers with high doses of radiation to breast tissue also have an elevated risk. 3, 5, 13, 17 As a result, several national and international organizations have issued recommendations for long-term breast cancer surveillance.
13,18-21 The International Late Effects of Childhood Cancer Guideline Harmonization Group recently released recommendations for breast cancer surveillance in this high-risk population. It recommended that women treated for cancer before age 30 years with chest irradiation Ն 20 Gy be screened with an annual mammogram and breast magnetic resonance imaging starting at age 25 years or 8 years after radiation treatment, whichever occurs last. The group called for research to study the risk associated with chest radiation doses Ͻ 20 Gy, particularly 10 to 19 Gy, because this is a common dose range with contemporary therapy. 22 Here we investigate the long-term outcomes of female survivors of a childhood cancer treated with chest irradiation to extend our understanding of the incidence of and risk factors for breast cancer. Aiming to further inform screening guidelines, we explored the role of both the delivered dose of radiation and the volume of exposed breast tissue in contributing to breast cancer risk in childhood cancer survivors.
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PATIENTS AND METHODS
Study Population
The CCSS (Childhood Cancer Survivor Study) is a retrospective cohort study with longitudinal follow-up of survivors of childhood cancer treated at 26 institutions in the United States and Canada. Eligibility for participation in the CCSS included diagnosis of cancer before age 21 years, initial treatment between 1970 and 1986, and alive at 5 years after diagnosis of leukemia, CNS tumor, Hodgkin or non-Hodgkin lymphoma, Wilms tumor, neuroblastoma, soft tissue sarcoma, or bone tumor. The cohort methodology and study design have been previously described. 23, 24 The CCSS was approved by institutional review boards at the participating centers. Participants provided informed consent.
We restricted our analysis to female participants who had received chest irradiation within 5 years of their childhood cancer diagnosis. We defined chest irradiation to include treatment with any one of the following fields: mantle, mediastinal (including involved field), hemithorax (or anterior fields on one side of chest), whole-lung irradiation (WLI), posterior thoracic/paravertebral, abdominal (with extension above diaphragm), and total-body irradiation (TBI). Of the CCSS participants, 1,230 met these criteria.
Ascertainment of Treatment Information
Data on the primary childhood cancer diagnosis and therapeutic exposures were abstracted from medical records obtained from the treating institutions, including information on fields of irradiation and maximum tumor doses listed in the radiation therapy record or treatment summary for all chest irradiation fields (ie, delivered radiation dose), including those used for recurrent disease. We ascertained complete radiation treatment information for all but seven participants. Treatment abstraction included radiation to the ovaries and chemotherapeutic exposures including alkylating agent chemotherapy.
Identification and Confirmation of Breast Cancer
Breast cancers, invasive cancers, or ductal carcinoma in situ were initially identified through self-or proxy report. They were confirmed by pathology reports if available or alternatively by other medical records. New breast cancers in deceased persons were ascertained through family members and the National Death Index. Only the first primary breast cancer diagnosis was included in our analysis.
Statistical Analysis
Childhood cancer survivors were considered at risk of breast cancer beginning at entry into the CCSS cohort, 5 years after their childhood cancer diagnosis, until a confirmed diagnosis of breast cancer, death, or date of most recent contact. Cumulative incidences of breast cancer overall and by treatment exposure were calculated with a nonparametric estimate considering death as a competing risk. 25, 26 The six CCSS participants for whom we had information on irradiation field but were missing radiotherapy dose were excluded from the dose analyses. One participant for whom radiation therapy records were unavailable was excluded from the dose and field analyses. We defined the primary chest irradiation field as the initial field used. If a woman received mantle field irradiation after previous chest field irradiation, we considered the mantle field to be the primary field because of the dose and volume encompassed by this field.
We measured increased risks of breast cancer by calculating standardized incidence ratios (SIRs), the ratios of the observed number of CCSS participants with breast cancer to the expected number of women with breast cancer in the general US population using age-and calendar year-specific rates from the SEER program. 27 For the calendar years after 2010, we used the 2010 rates (most recent rates reported in SEER). Poisson regression was used to assess the effect of factors adjusted for the delivered dose of radiation. We hypothesized that larger irradiation fields were associated with an increased breast cancer risk, whereas exposure to ovarian irradiation or alkylating agents was associated with a decreased risk.
To benchmark breast cancer risk in childhood cancer survivors, we present the expected population cumulative incidence of breast cancer and the risk of breast cancer in another high-risk population for whom intense breast cancer surveillance is recommended: carriers of BRCA1 and BRCA2 mutations. Breast cancer risk in BRCA1 and BRCA2 mutation carriers was estimated using data from the published WECARE (Women's Environmental Cancer and Radiation Epidemiology) study. 28, 29 In this study, 1,394 1-year survivors of invasive unilateral breast cancer diagnosed before age 55 years between 1985 and 2000 were genotyped for BRCA1 and BRCA2 deleterious mutations, yielding 42 BRCA1 and 31 BRCA2 mutation carriers. Information on breast cancer incidence, age at breast cancer diagnosis, vital status, and date of death, where applicable, was obtained for 4,570 female first-degree relatives by telephone interview of participants. Among first-degree relatives with a median age of 52 years (range, 0 to 98 years), 324 had breast cancer. There were 21 breast cancers observed in 136 first-degree relatives of the 42 participants with a BRCA1 mutation and 14 breast cancers observed among 108 firstdegree relatives of the 31 participants with a BRCA2 mutation. The median age at breast cancer diagnosis in the relatives was 55 years (range, 26 to 90 years). These data were used to impute lifetime risks of breast cancer in mutation carriers. The age-specific cumulative risks of breast cancer in BRCA1 and BRCA2 mutation carriers were estimated with the kin-cohort method, which uses the breast cancer history of first-degree female relatives together with the genotype data of the participants to produce population-based estimates of the cumulative risks of breast cancer in mutation carriers. 30 The expected population cumulative incidence was estimated using age-specific rates of female breast cancer from SEER weighted to take into account the calendar year in which members of the CCSS cohort were at risk of breast cancer.
All-cause mortality subsequent to breast cancer diagnosis in childhood cancer survivors was estimated using the Kaplan-Meier method. Breast cancer-specific mortality was estimated using the cumulative incidence function, treating death resulting from other causes as a competing risk. Age-and calendar year-specific mortality rates in the US population were obtained from the National Center for Health Statistics.
31 Analyses were performed using STATA (version 12.0; STATA, College Station, TX) and the kin.cohort package (version 0.6) in R software (version 2.13.2; R Foundation for Statistical Computing; http://www.r-project.org). Table 1 lists characteristics of the female childhood cancer survivors. With a median age at last contact of 37 years (range, 6 to 59 years), 203 women had a confirmed breast cancer diagnosis. The median time from childhood cancer diagnosis to onset of breast cancer was 23 years (range, 7 to 41 years). The median age at breast cancer diagnosis was 39 years (range, 24 to 59). Figure 1A shows breast cancer risk by age for the entire cohort. By age 50 years, the cumulative incidence of breast cancer was 30% (95% CI, 25 to 34). Figure 1B and Table 2 show breast cancer risk by delivered dose of radiation. Although our analysis confirms the high risk of breast cancer in women treated with Ն 20 Gy, it also demonstrates that women treated with 10 to 19 Gy have an elevated risk of breast cancer (SIR, 30.6; 95% CI, 18.4 to 50.9).
RESULTS
Treatment Exposures
In Figure 1C , breast cancer risk by the primary field of chest irradiation is provided. Women treated with WLI received lower doses of radiation (median, 14 Gy) but to a larger volume of breast tissue than women treated with mantle field (median, 40 Gy) or mediastinal field irradiation (median, 30 Gy). The cumulative incidence of breast cancer in women who received WLI was similar to those who received mantle field irradiation and elevated compared with women who were treated with mediastinal field irradiation. The incidence rate ratios adjusted for dose were 1.8 (95% CI, 0.9 to 3.7; P ϭ .07) for comparing WLI with mantle field irradiation and 3.4 (95% CI, 1.6 to 7.2; P ϭ .001) for comparing WLI with mediastinal irradiation (SIRs listed in Table 2 ).
Women treated with mediastinal irradiation had a significantly reduced risk of breast cancer relative to women treated with similar doses of mantle field radiation (incidence rate ratio adjusted for dose, 0.5; 95% CI, 0.3 to 0.9; P ϭ .013). Nevertheless, their risk was still significantly increased relative to the general population (Table 2) .
Treatment with an irradiation field that included the ovaries decreased the risk of breast cancer (Fig 1D) . This decrease remained statistically significant after adjusting for the dose of chest radiation (adjusted incidence rate ratio, 0.3; 95% CI, 0.2 to 0.7; P ϭ .003). In contrast, treatment with alkylating agent chemotherapy did not materially modify breast cancer risk (adjusted incidence rate ratio, 1.1; 95% CI, 0.8 to 1.4; P ϭ .75; Fig 1E) .
Four percent of women (54 of 1,230) received a boost to the primary field, and 37% (455 of 1,230) were treated with Ն two fields. We found no evidence that including the second (or more) field or the radiation boost substantively changed our findings. There seemed to be an elevated breast cancer risk in women treated with TBI and abdominal field irradiation, although these results should be interpreted cautiously because of small numbers (Table 2) . When these analyses were repeated censoring participants who had a relapse of their pediatric cancer, there were no substantive differences.
Comparison With BRCA1 and BRCA2 Carriers Figure 2 shows the cumulative incidence of breast cancer for childhood cancer survivors separately for Hodgkin lymphoma survivors and survivors of other childhood cancers contrasted with BRCA mutation carriers. The cumulative risk of breast cancer among BRCA1 and BRCA2 mutation carriers by age 50 years was 31% (95% CI, 15 to 48) and 10% (95% CI, 1 to 23), respectively. In Hodgkin lymphoma survivors, the cumulative incidence of breast cancer by age 50 years was 35% (95% CI, 29 to 40). For survivors of childhood cancers other than Hodgkin lymphoma, the cumulative incidence of breast cancer by age 45 years was 15% (95% CI, 10 to 21). An estimate for the cumulative incidence by age 50 years for the other childhood cancer survivors is not provided, because the number of women who attained this age was too small for a reliable estimate. 
Mortality Among Childhood Cancer Survivors
Among women diagnosed with breast cancer after a childhood cancer, 62 died subsequent to a breast cancer diagnosis; 30 of these deaths were attributable to breast cancer. All-cause mortality at 5 and 10 years was 15% (95% CI, 11 to 22) and 32% (95% CI, 25 to 40), respectively; breast cancer-specific mortality was 12% (95% CI, 8 to 18) and 19% (95% CI, 13 to 25) at 5 and 10 years, respectively (Fig 3) . We found no difference in survival by dose of chest radiation used for the childhood cancer.
DISCUSSION
With this work, we contribute novel and clinically important results, including demonstrating an increased breast cancer risk in women treated for a childhood cancer with lower doses of radiation applied to a broad field of breast tissue and describing a high mortality rate in childhood cancer survivors diagnosed with breast cancer. A linear relationship between the absorbed dose of radiation to the breast, as Age (years) estimated by radiation dosimetry, and the risk of breast cancer has been previously reported among childhood cancer survivors. 3, 4 This relationship was used in establishing the lower radiation dose threshold at 20 Gy in the breast cancer surveillance recommendations from the International Late Effects of Childhood Cancer Guideline Harmonization Group. 13, 18 A clinically important and novel observation from our study is that lower-dose therapeutic radiation Ͻ 20 Gy (10 to 19 Gy) to a large volume of breast tissue is associated with a substantially elevated risk among young women. WLI, used to treat pulmonary metastases of pediatric solid malignancies most frequently for Wilms tumor and Ewing sarcoma, is generally delivered at a dose of 12 to 15 Gy, well below the 20 Gy cutoff for early initiation of breast cancer surveillance. However, as illustrated in Figures 1 and 2 , the age at onset of breast cancer and the slope of the cumulative incidence are quite similar to those of Hodgkin lymphoma survivors. This suggests that women treated with 10 to 19 Gy of radiation, particularly those with WLI, would derive benefit from early initiation of breast cancer surveillance, similar to those currently screened according to the International Late Effects of Childhood Cancer Guideline Harmonization Group recommendations. 22 Moreover, in extending the cumulative incidence rates to 50 years of age, our study confirms previous reports that reducing the volume of irradiated breast tissue from a mantle to mediastinal field is associated with a lower incidence of breast cancer. 6, 14, 16 However, this incidence is still significantly elevated relative to that in the general population, suggesting that female patients treated with contemporary therapy including 20 to 25 Gy to the mediastinal field will still benefit from breast cancer screening.
Although some have linked women treated for a childhood cancer with chest irradiation, particularly in terms of breast cancer surveillance, with another high-risk population, women with underlying genetic mutations, 15,32,33 how the incidence of breast cancer differs between these two high-risk populations has not been well studied. We found that the magnitude of breast cancer risk by age 50 years in childhood cancer survivors is comparable to that of BRCA mutation carrier population-based estimates. The cumulative risk is remarkably similar between BRCA1 carriers and Hodgkin lymphoma survivors. Our analysis further suggests that women treated with chest irradiation for a childhood cancer other than Hodgkin lymphoma, although varied with respect to the radiation treatment they received, have a lower but still substantially elevated risk profile. This first, to our knowledge, side-by-side comparison of these high-risk populations highlights the need to consider providing women treated as children with chest irradiation a model of care involving risk communication and counseling, breast cancer surveillance, and prevention strategies commensurate to the approach used with women who have a high familial risk. Breast cancer after childhood cancer is associated with substantial mortality. The reasons for this high mortality rate warrant further study. Of note, we are limited by lack of information on breast cancer stage at diagnosis; in the general population, mortality is strongly associated with stage at diagnosis. Nevertheless, this seems to be an opportunity for lifesaving interventions.
Our study has several notable strengths. The study population represents the largest cohort of women treated with chest irradiation for a childhood cancer, with detailed information regarding their childhood cancer therapy and confirmed cases of breast cancer. In contrast to earlier studies that assessed radiation exposure and risk of breast cancer using dosimetry based on detailed radiation oncology records to estimate radiation dose to the specific site of the breast cancer, we used information available in the medical records, namely the radiation treatment summary. By focusing on the summary of delivered radiation fields and doses, information that is generally available to the clinician, our results have direct clinical implications. Lastly, this is the first study to our knowledge to directly contrast risk between childhood cancer survivors and BRCA mutation carriers.
It is also important to recognize the limitations of the study. This is a relatively young cohort, with a median age of 37 years. As the participants age, breast cancer incidence may increase. Data for women treated with WLI were sparse after age 45 years, limiting our ability to draw conclusions beyond that age. Although the risk of breast cancer in women treated with TBI and abdominal irradiation seemed elevated, the numbers of women in each group were small. Larger samples, potentially obtainable by merging international studies in this area, are necessary to make definitive statements about risk in these women.
We previously estimated that there are approximately 20,000 to 25,000 women in the United States age Ͼ 25 years who have previously been treated with high doses (Ն 20 Gy) of chest radiation for a childhood cancer. 34 Breast cancer surveillance guidelines for women treated with chest irradiation for a prior malignancy have been limited in part by a lack of evidence with regard to information available to health care professionals that may modify breast cancer risk in this population. Our study contributes important insights in this respect and indicates that irradiation field is an important factor.
In conclusion, women treated with lower doses of radiation to large volumes of breast tissue for a childhood cancer have a risk of breast cancer that is higher than has previously been recognized, warranting consideration of initiating breast cancer surveillance at a young age. We found that childhood cancer survivors treated with chest irradiation have a risk of breast cancer similar to that of BRCA mutation carriers, a risk that is much higher than women in the general population. Finally, mortality associated with breast cancer after childhood cancer is substantial.
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Fig 3.
Death after breast cancer among childhood cancer survivors treated with chest irradiation. All-cause and breast cancer-specific mortality after breast cancer after chest radiotherapy for childhood cancer compared with expected mortality, age and year standardized to US population.
